Boreholes should be a probe from which we can obtain information deep into the earth. In the field of earthquake predictions a number of precursors have been reported from various observations in wells, such as measurements of groundwater levels, geochemical components, strain, tilt, etc.
Temperatures of the water in wells have been rather commonly measured, mainly for hydrological or geochemical purposes; and some precursory and coseismic events have been reported (WAKITA, 1978) .
However the resolution of the past measurements is quite limited, in most signals might have been missed. Another limitation of the past temperature measurements is that they have been made at shallower depths of the groundwater so that the air temperature has inevitably had an influence upon the measured water temperature. Even if the well is a flowing well, the influence cannot be avoided and is not easy to be corrected (Shimamura and Urabe, in preparation) .
We aimed at a precise measurement system of the groundwater with an accontext of the crustal strain and/or the movement of water which relates to the process of earthquake occurrences.
Other factors which affect the effective thermal conductivity might be discovered from the observations.
Wells usually have steel casing pipes so that the water outside of the well cannot flow into the well; therefore geochemical observations may be not be possible when the measurements are made in the wells. On the contrary, the temperature measurements can "sense" the outside of the casing pipes, which is a great advantage for us.
Design Principles of the Thermometer
The thermometer was designed to have an extreme accuracy. A long-term stability was especially aimed at since some of the significant geophysical signals probably have very low frequencies, or zero frequency, i.e. DC shift. Since we have a quite limited knowledge about the "signals" and "noises" of the temperature with an accuracy to better than several tenths of a degree, measurements with a wide dynamic range and a wide frequency response are required as well as accuracy and stability.
In order to fulfill these requirements, of the various temperature sensors available, a quartz crystal sensor was inevitably chosen. Although some of them, long-term stability which is essential for our purpose.
Another design consideration is the power consumption of the system. As a geophysical field instrument, operation by battery power is generally desirable.
Even when AC power is available, a battery backup is necessary for uninterrupted records. The backup system is essential when the instruments are deployed in an impending earthquake area, where the AC power may be cut off by a disasterous earthquake. According to a test experiment in a borehole, the power consumption of 10
In our design, the high frequency output from the sensor through a stable negligibly small for our measured temperature. The output frequency from the divider is about 0.03Hz, which is low enough to be transmitted by simple twisted wires for hundreds of meters.
The elimination of the necessity to use a coaxial cable, which is common for transmitting quartz signals, simplifies the installation and the replacement as well as lowering the cost of the system. The twisted wires consist of three, or four, PVC (polyvinyl chloride) covered wires whose conductors are copper and strong enough to suspend the pressure case of the borehole unit at the depth of 
The First Type of the Thermometer
Initially we thought that the temperature of the deep groundwater would not change rapidly, so that the measurement was designed to stress lower frequency components. The first design of the thermometer is illustrated in Fig. 1 . The signal of the measured temperature, which is transmitted from the borehole unit, is superimposed on the seismogram in the form of rows of pulses (see Fig. 2 for an example).
The circuit is simple. The signal from the sensor/oscillator divider, which we denote as the borehole unit, is maneuverably further subdivided to a certain time interval so that the resultant will synchronize with the time marks of a paper record of a seismograph (Fig. 2) . At one observation site, a division of 31 makes the output of the borehole unit to be nearly 13 minutes when the water temperature
The reason for recording the temperature on the seismogram is that we want to know the relation between the temperature change and the siesmic activity, distances to earthquake foci, recorded amplitudes of seismic signals, etc.
The temperature signals are written on the seismogram as ticks, as shown in Fig. 2 , hence the temperature is expressed by a row of ticks. If the temperature changes, the inclination of the row changes so that the change is easily monitored.
The reading of the temperature is the time of each tick so that the value read is a time integral of the temperature. This method inherently lacks a high periods.
The thermometer unit was installed at the bottom of a 210m well, Teshikaga No. 1 well, in November 1978. A vertical 4.5Hz geophone was included in a pressure case together with the borehole unit of the temperature measurement.
We chose Teshikaga area, in eastern Hokkaido, since shallow earthquakes have been occurring rather frequently in the region. During the past forty years, earthquakes with magnitudes 6. 0, 5.7, 6.2, 6.1, 6.5, 5.7 occurred in 1938, 1959, 1959, 1959, 1967, 1967, respectively . Moreover, in the region there are a number of wells which were drilled when searching hot springs. Most of them were drilled through rocks and many of them failed to find hot springs so that are not used.
Four wires twisted are used for transmitting the signals from the borehole unit to the recorders. The length of the wires is about 400m. The seismograph is a conventional visual recorder, which was adopted for immediate monitoring by people in the area who are not seismologists.
On December 6, 1978 a big earthquake, whose magnitude is 7.5, took place 204km northeast of the well. The depth of the earthquake fault was from 120 to 200km (T. Moriya, personal communication). The seismic intensity at Teshikaga region was three to four, on the intensity scale of the Japan Meterological Figure 3 illustrates the record of the temperature during the period, which
The inclinations of the record seem to change rather abruptly at the earthquake. However as was already noted this method of the measurement has an inherent limitation in high frequency resolution, so that we have no means to know the degree of the abruptness, which may be important information.
The abrupt increase of the temperature seems to be coseismic to the magnitude 7.5 earthquake.
The temperature gradually recovered with a very long time constant.
Other than the probable coseismic signal, a number of changes of the temperature which have period shorter than several days have been observed at Teshikaga
No. 1 well.
Hence we have known that the change of the temperature has rather high had thought there should be few signals whose period is less than several days or weeks.
In order to record these shorter period signals accurately, we changed the design of the thermometer to have a flat frequency response.
Beat Frequency Method
One of the conventional methods to read out frequency is to make a beat frequency by obtaining the numerical difference between the unknown frequency from the sensor and a known reference frequency.
The beat frequency varies according to the change in measured temperature when the reference frequency is kept constant with a good accuracy.
An instrument was made which utilizes the beat frequency (Fig. 4) . Since we intend to use the simple twisted wires and to minimize the heat production in the borehole unit, the signal frequency which is transmitted from the borehole unit cannot be higher than several hundreds hertz because of losses of the signals and mutual couplings of the signals between the wires. Use of a line driver to lower the output impedance may generate considerable heat in the borehole unit. Therefore both the frequency of the sensor quartz crystal and that of the reference quartz crystal are divided by 2,048 in the borehole unit and fed into a mixing circuit to obtain the beat frequency.
In the recording unit the beat frequency is recovered through a low pass filter and a Schmitt trigger circuit; then the frequency is fed into a frequency-to-voltage converter to obtain an analogue output of the measured temperature.
A six channel chart recorder is used for the recording.
The method in which the beat frequency is generated in the borehole unit has a general advantage: a simple quartz crystal can be used for the reference quartz since the environment is nearly an ideal thermostat, which is helpful for the stability to know whether the frequency of the sensor quartz is above or below that of the reference quartz. However the problem was avoided by putting two reference quartzs which have different frequencies in the borehole unit, so that two beat frequencies are obtained from the unit. On the other hand, since a continuous long-term observation is required for our measurement, readjustments and replacements of the borehole units should be avoided as much as possible.
First, this borehole unit is apparently less flexible for adjustments or modifications of the system on the recorder side. For example, readjustments may be necessary for this method because in a long-term observation, the temperature may change considerably and the beat frequency may become too high to be transmitted by the twisted wires.
Second, a recalibration of the reference oscillator is also impossible because it is in the borehole unit; so that it might be doubtful from the recorded data whether the observed temperature change is actual.
Consequently, we have not widely adopted the method, at least until we know the general circumstances, viz. signals and noises, of the temperature.
Digital Temperature Read-Out Device
The system which we have eventually adopted is essentially a period counter. The temperature crystal is substituted by a stable crystal oscillator so that the input period of the system is kept constant.
The ambient temperature of the a limit of the detection which is determined by the frequency stabilities of the reference oscillator and the dummy oscillator that substituted the sensor oscillator.
An oven controlled oscillator was used for the experiment.
is about 0.03Hz and varies according to the temperature. The system determines the period of a certain number of pulses which come from the borehole unit.
Period counters essentially have a problem of the instability of the triggering point, because the edge of the input pulses is not ideally sharp.
We made a circuit which minimizes the effect of the instability which comes from changes of the ambient temperature of the instrument, aging of semiconductors, etc. Some experiments to evaluate the effect of the instability were made.
In the experiments that it is very difficult to make a test environment where the temperature does not
The result showed that the effect is less than the equivalent temperature of We adopted printing intervals for the system which are controlled not by a clock but by the input pulses from the borehole unit. The intervals are selected by a switch to be 2N times the input pulse period, where N is an integer from 1 to 14. The selectable period is from one minute to 5 days.
In our system, between the printing interval the internal counter continues to count the frequency which is a measure of the temperature; so that the printout is an exact average temperature between the adjacent printing periods. Hence the advantage of the digital system is to avoid inherently the problem of aliasing.
Daily mean, or a half-day mean temperatures are, for example, quite easily obtained by selecting the switch position. Possible noises with shorter periods can be averaged out also.
Another advantage of the method is that it makes the circuit simpler, which is beneficial for the diagnosis and the reliability of the system. The recording period is not exactly constant, because it varies very slightly with the measured temperature, of the order of 10-7 or less. The unevenness is negligibly small and it can be easily corrected by a simple calculation.
The block diagram of the system is shown in Fig. 6 . The reference frequency The borehole unit is common with that of the first analogue thermometer (Fig. 1) . See the text for the explanation of the circuit.
The reference frequency which is gated by the signals from the borehole unit is fed into a 12-digit decade counter. The decade counter consists of three cascaded 4-digit CMOS up-down counter IC's.
Digital Printer and Its Controller
A digital printer which prints 20 digits per line was adopted for the output.
As well as 20 digits 16, 32, or 40 digits is selectable by a switch. The printer
The average power consumption of the printer is quite small, about 1mW, in spite of the fact that the peak power is 7W. About 6,000 lines are printed on a paper roll. The life of the printer is 106 lines although the printer is inexpensive. An interface for the printer is supplied from the manufacturer. It includes a character generator ROM, but does not include a buffer memory of the data to be printed. The reason to use five identical counters is for the simplicity of the system. each digit is addressed in turn for the print out.
A printing sequence circuit is necessary to control the sequence. When the circuit receives the end signal of the counting period of the temperature, it generates a latch command to all the CMOS counters, and after a while supplies the power to the printer and its interface, and then sends out a starting command to the printing motor of the printer.
The printer interface sends out data request signals when the printing head moves to the beginnings of each digit.
Upon receiving the signals, the sequence circuit generates a special wavelet in order to shift one digit at a time through the 20 digits in turn. The special wavelet is necessary because the CMOS counter IC was originally developed for a dynamic LED drive so that the continuous scan oscillation to select each digit is substituted by the wavelets, which are gated oscillations.
After completing the print out of the 20 digits of a line, the sequence circuit shuts off the power to the printer and its interface to save the power consumption, when the circuit receives an end signal after printing a line from the printer.
The whole circuit, other than the printer interface, the TCXO oscillator and Fig. 7 . A picture of the main circuit mounted on a printed circuit board. On the board 19 IC's are mounted which consist the whole circuit. Some extra IC's can be mounted on the board which enables optional frequency input from a sensor, such as groundwater level, atmospheric pressure, air temperature, etc. The lower right one is for the model of dual print-outs for the temperature and the tempera-
The power supply is +12V and -24V. The positive 12V supply is both for the TCXO oscillator, after being regulated to 9V, and for the rest of the circuits, after being regulated to 5V. The negative supply is for the printer. The average power consumption is as low as several milliwatts, so that the total system, except for the TCXO, can be energized by AA (UM-3) dry batteries for months. The TCXO consumes about 90mW, which is powered by alkaline manganese D (AM-1) cells lasting for a month.
The recording system has inherently a wide dynamic range of the temperature. It can record any amount of changes of the temperature since the 12-digit decade counting is printed out, which corresponds to a dynamic range of 240dB.
Some experiments were made to evaluate the effect of the ambient temperature upon the instrument. The results showed that even if the room temperature TCXO oscillator.
The error can be reduced by about 1/100 if we have less strict limitation for the power consumption, by replacing the TCXO oscillator with an oven controlled crystal oscillator. The first digital system which was installed in the Teshikaga No. 1 well had the oven controlled oscillator. Most of the systems which have been made to date (Fig. 8) have TCXO oscillators. 
Field Experiments
In April 1979, at Teshikaga No. 1 well, a digital recording system was added to the analogue recording system which was initiated in November 1978. The borehole unit was used for both.
From April to date, 15 sets of the thermometers have been installed in Hokkaido and Honshu (Table 1 ). The sites are in the regions of impending earthquakes, except for a site of an active volcano area, Usu. In the near future about 20 systems will be installed in various areas; among them the Showa Base on the Antarctic Continent is included. Figure 9 shows a spectrum of the temperature record of Teshikaga No. 1 well. The recording interval was 50 seconds. A sharp cutoff is seen on the spectrum at about 7 minutes. The cutoff period corresponds to the time constant of the borehole unit in water. In this borehole unit, the quartz sensor and the electronics are suspended in the air. Some other borehole units are filled with silicon oil, so that the higher frequency component is different for these units because of the difference in the mode of heat conduction in the pressure cases. These higher frequency components do not cause aliasing, as stated earlier. Figure 10 is a result of another experiment to determine the in situ time constant of the region which is directly related to the measuring borehole unit. The pressure case was lifted once for 30cm by pulling up the cables at 17h 07m and 
Teshikaga
No. 1 well, where the temperature gradient is rather large, that is about sure case, whose diameter is 48.6mm, mixed the upper and colder water with the lower and warmer water in the well, whose internal diameter is 75mm. It took 9 to 10 hours to recover to the former temperature. The recovery time might be a measure of the heat capacity of the water mass which is directly related to the region and/or a reflection of a movement of water outside the well casing. Figure 11 is an example of the records from the digital system which was installed at Teshikaga No. 1 well. The upper trace shows the unfiltered record for about three weeks. The record was obtained for one hour intervals.
The lower trace shows the spectrum. The spectrum has two sharp peaks of one day and a half day. The two spectral peaks were new findings since we added the digital measuring system to the former analogue system. It is probably is clearly several times larger than the possible error of the instrument due to the variation of the room temperature.
On the other hand, it is quite impossible that the variation of the air temperature is transmitted to the borehole unit through the 208m water column, the 210m steel casing, or the thin signal cables. An attempt is being tried to identify the factors which affect the temperature variations, which are probably through the mechanism of the movements of the groundwater.
For the aim we have installed four thermometers in a rather conanalogue recorders.
We believe that to obtain the "field" of the temperature is The signal of very low frequencies is transmitted through simple wires from the borehole unit to the recorder, which makes the system quite simple and reliable.
The possible problem of the instability of received low frequency pulses was avoided. Some experiments showed that the system is quite stable to environmental conditions, such as changes of the room temperature or changes of the supply voltage.
The output of the digital printer does not directly express the temperature in the unit of degrees, but the printed numerals can be easily converted to the exact temperature by a simple calculation. Printing the exact temperature can be done at the expense of the simplicity of the circuit, however we prefer the simplicity.
The results to date show a number of interesting signals.
One is a coseismic signal of a rapid increase of the temperature of at the depth of 210m.
The large change recovered with a very long time constant. The amount of the increment is probably much bigger than that expected from an adiabatic compression of either rocks or water by the strain step of the earthquake. In some wells, rather large daily and half-daily variations with amplitudes of
The amplitudes are several times larger than the possible instrumental error. However the reason has not been clarified yet. Identification of the factors which affect the various temperature variations is being studied.
If we put two sensors in a well which are at a fixed distance apart, we could obtain new information, such as a possible variation of the thermal conductivity.
A new system was recently developed in which the difference of the outputs of two borehole units is added on the print out.
The new system was installed in Omaezaki well in November 1979.
The digital instrument has an optional frequency input different from the input from the temperature crystal and is printed out on the same line of the printer, at an expense of the upper four digits of the temperature reading, however the total dynamic range is still 160dB. The input can be used for various purposes, such as simultaneous observation of atmospheric pressure, water level, precipitation, room temperature, etc.
The digital recording system has been chosen for the present observations, although some different types of quartz thermometers were deployed in one region to see advantages and disadvantages of each system. In some applications, systems other than the present digital system might be adopted in future.
Since the system has a good sensitivity and can be powered by a small number 
